Observing the Tropical Atlantic ocean in 1986-1987 from altimetry by Arnault, Sabine et al.
JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 95, NO. C10, PAGES 17,921-17,945, OCTOBER 15, 1990 
Observing the Tropical Atlantic Ocean in 1986-1987 From Altimetry 
SABINE ARNAULT 
Laboratoire d'Ocdnnogruplzie Dynanzique et de Climatologie, ORSTOM, Vitiversité Pierre et Marie Curie, Paris 
Laboratoire d'Océanographie DJwumique et de Climatologie, ORSTOM, Université Pierre et Marie Curie, Paris 
Geosat altimeter data from November 1986 through November 1987 are analyzed over the tropical 
Atlantic Ocean, between 20"N to 20"s and 60"W to 20"E, using the colinear profile method. The 
altimetric sea level anomalies are consistent with the large-scale signal of the tropical Atlantic as 
observed by historical dynamic height. The agreement in the North Equatorial Countercurrent region 
(around 5"N) is particularly good. Comparison of altimetric anomalies with 19861987 in situ data 
points out the part of interannual events in the explanation of the differences encountered between 
altimetry and climatology. Altimetric data are also compared with the results of a simple model forced 
with monthly 1986-1987 wind stresses. This comparison confirms and emphasizes the hypothesis of a 
weak and early 1987 summer upwelling in the Gulf of Guinea. 
1. INTRODUCTION 
During the last few decades, historical data of merchant 
ship BT profiles and extensive oceanographic experiments 
such as the GARP Atlantic Tropical Experiment (GATE) in 
1974, the First GARP Global Experiment (FGGE) in 1979, 
and more recently the FOCAL (Programme Français Ocean 
Climat en Atlantique Equatorial) and SEQUAL (Seasonal 
Response of the Equatorial Atlantic) programs in 1982-1984 
have evidenced the large spectrum of the variability in the 
upper layers of the tropical oceans, especially in the Atlantic 
[Lass et al.,  1987; Hisard and Hliiiii, 1987; Katz, 19861. 
However, oceanographic cruises have, for technical and 
funding reasons, such limited duration and spatial coverage 
that it is difficult to resolve large spatial and temporal scales. 
Progress in modeling the tropical ocean has also been 
made in recent years, starting from process models [Cane 
and Sarachik, 1981 ; Busalacclri and Picaut, 1983; Dir Pen- 
hoat and Gourior4, 19871 to more realistic and complex 
models [Philander and Pacanowski, 19861. Recent investi- 
gations in data assimilation, in the tropical regions [Leetmaa 
and Ji, 1989; Morlière et al.,  19891 emphasize the crucial 
problem of insufficient oceanic data. 
Spatial techniques give us the opportunity to have a global 
quasi synoptic view of the whole ocean. Three generations 
of altimeters (Skylab, GEOS 3, Seasat) have demonstrated 
the ability of altimetric data to study surface circulation 
[Cheney e t  a l . ,  1983; D o u g h  et al.,  1983; Fu, 1983; Menard, 
19831. However, most of these studies concerned the mesos- 
cale signal, whose characteristic time-space scales are well 
decorrelated from the altimetric error field. Looking at the 
large-scale signal is more challenging because of the possible 
overlap by altimetric long-wavelength errors (orbit error and 
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atmospheric and oceanic errors). However, encouraging 
results have been obtained in the tropical Pacific using 
crossover daerences [Miller et al., 19861 or colinear tracks 
[Musman, 1986; Malarde et al., 19871 and in the Indian 
Ocean [Perigaud et al.,  19861. More recently, in the tropical 
Atlantic Ocean, Menard [1988] found a good agreement 
between the seasonal variability of the dynamic topography 
as observed from historical hydrographic data [Merle and 
Arnault, 19851 and from GEOS 3 and Seasat altimetric data 
referred to a mean sea surface. 
This study is pursued here by analyzing, with the colinear 
profile method, the data of the U.S. Navy Geosat altimeter 
launched in March 1985. Geosat is the first altimeter offering 
the opportunity of applying this method for a complete year 
starting in November 1986. The altimetric results over the 
tropical Atlantic Ocean are compared with in situ data 
(hydrography and inversed echo sounders (IES)). The dif- 
ferences are explained, through a numerical simulation, as 
possible artifacts or real interannual anomalies. The data 
processing and method are first described in section 2. 
Results are analyzed in sections 3 and 4. Discussions and 
conclusions are presented in the last section. 
2. DATA PROCESSING AND METHOD 
2.1. Altinzetric Data 
Launched in March 1985, the U.S. Navy Geosat altimeter 
performed a geodetic mission during its first 18 months of 
operation using a nonrepeat orbit. In November 1986 it was 
shifted onto a 17.05-day exact repeat orbit. The orbit tracks 
are separated by about 150 km at the equator. Along one 
track, the distance between two measurements is 7 km. We 
considered the Geosat exact repeat mission data over the 
tropical Atlantic Ocean between 60"W to 20"E and 20"N to 
20%. This data set consists of about 118 repetitive tracks of 
I . 
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Fig. I .  Geosat data coverage between 6O"W to W E  and 2O"N to 20"s for the cycle from April 27. 1987, till May 15, 
1987. ,&o indicated are the major expendable bathythermograph lines provided hp ships of opportunity and two 
specific tracks where alongtrack analysis is given in Figure 15. 
22 passes, each from November 1986 to November 1987 
(Figure 1 ). 
As noted in the Geosat geophysical data record handbook 
[Ckeney et al.. 19871, wet and dry tropospheric corrections 
were applied using the Fleet Numerical Oceanographic 
Center (FNOC) model [Saa~rairi~~irieri ,  1972: Tupley et al., 
19821. Ionospheric corrections are based on the global 
positioning system climatic ionosphere model. Electronic 
bias was taken into account as 2% of the significant wave 
height. The tidal signals were removed according to the tide 
models of Cwtwripht arid Tnylor [ 19711 and Schniiderski 
[ 19801. 
The colinear technique was previously tested with success 
in a mesoscale study of the northwest Atlantic region [Me- 
nard, 19831. The analysis includes the following steps: ( 1 )  
The altimetric measurements of the sea surface are subsam- 
pled along each track at 60-km spacing. ( 2 )  The mean sea 
level is then calculated at each point. (3) The differences 
between each repetitive pass and the mean pass are com- 
puted to  produce sea level anomalies. (4) The sea level 
anomalies are adjusted with it second-degree polynomial 
least squares fit (one degree for short tracks) to absorb the 
long wavelength errors. A final smoothing is performed using 
a median filter over 180 km. 
This alongtrack analysis is then extrapolated into three 
dimensional time-space analysis using an objective analysis 
[De M c y  arid Rnhinsoii. 19871. The objective analysis algo- 
rithm was derived from an analytical correlation function 
described by 
.f= [ I  + R(l  i- R/31]* exp (-RIW eup (-r'/rct') 
with R = csfe*r/rr-i, where Y is the distance and f is the time 
separating the interpolated point and any point in the inRu- 
ence radii areas. Based on earlier studies [Critic. 1979: ilferle 
arid Artiault, 1985: Reverdin rind Dir P e r i h a t .  1987: Rich- 
~ird .wn mici Rewrdiri. 19871 values of 500 km and 140 day\ 
were chosen for space and time decorrelation scales r c ~  and 
rct. The influence radii that fix the \pace-time size of the 
interpolation domain are 300 km and 30 days. The grid size 
produced is 4" in longitude by 2" in latitude. 
One hundred and twenty-five synoptic maps. of nltimetric 
sea level anomaly. at 3-díty intervals from Ncnember 1986 
till Novemher 1987. were produced. The error maps calcu- 
lated by the objective analysis show a mean error of 20 to 
25%. Monthly average\ of these sea level anomalies were 
then computed. 
2.2. Clini~itolngic.d Dynarnic Height 
The climatological dynamic height relative to  500 dbar \has 
derived from a temperature versus depth profile through a 
salinity interpolation as described by Merle and Artinirlf 
[1985]. The data sets contained about 140,000 temperature 
profiles and 28.000 temperature-salinity (7-S ) profiles from 
1900 to 1978 and between 16"s. 3WN, the west African coast 
and 8WW. A large grid spacing, 4" in longitude by 3" in 
latitude, gives a sufficient number of observations in each 
box to reduce the confidence interval of the monthly mean 
temperature to be less than 0.2"C. Annual mean T-S rela- 
tionships \vere also computed with the same grid spacing to 
provide salinity values. Doing this, we have neglected the 
seasonal variability of the T-S relation. In regions and depths 
where salinity and temperature vary in phase. like the 
d x u r f a c e  central waters, the T-S is not affected by seasonal 
variation. Near the surface and in regions. where the salinity 
is low and has large variation4 (e.g.. in the northern part of 
the Gulf of Guinea and in the vicinity of the great rivers 
(Congo and Amazon)) the T-S relation is affected by seasonal 
variations. Thus in a given square and for a given month, the 
total error on the calculated surface dynamic height relative 
to 500 dbar is the sum for each standard vertical level of the 
error on the mean temperature and the error due to the 
neglect of the T-S seasonal variation. We estimated the total 
error to be less than 2 2  dyn cm. 
- ' 
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3. RESULTS 
3.1. 
Dyrimiic Hei@ 
B ~ z s i r i - ~ - i i h ~  $tri&. A previous study, using histor- 
ical hq drographic und hathythermal data [ AIcrIc triid Ar- 
rir i ir lr .  19851 anallzed the characteristics of the seasonal 
5ignal of the dynamic height IDH) topography in the tropical 
Corripiirison of Altirnetnt I t i r h  Cliriiatologirtzl 
3. I .  1. 
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Fig. 2.  (u) Monthly Oh00 dbar dynamic height anomalies (in dynamic centimeters) for climatological November. ( h )  
Monthly altimetric maps for November 1986 (in centimeters). (c) Monthly 01500 dbar dynamic height anomalies (in 
dynamic centimeters) as computed by the model for November 1986. 
Atlantic Ocean. The DH topography in the tropical Atlantic 
Ocean is the superposition of an east-to-west rise and a 
series of zonal ridges and troughs. Between the northern- 
most high at about 15"-20'" and the intermediate low at 
about 8"-1O"N lies the North Equatorial Current (NEC). 
Further south, at about 2"-3"N, a high borders the southern 
limit of the North Equatorial Countercurrent (NECC). Close 
to the equator, but at about 2"-3"S in the Gulf of Guinea, the 
well-known equatorial low defines the South Equatorial 
Current (SEC) extending from the northern high (2"-3"N) to  
a southern high at about 8"-9"S. It is the north equatorial 
high (2"-Y") and the equatorial low ( O O - 3 3 )  that show the 
most spectacular month-to-month changes. In this equatorial 
band, during the winter-spring season (February to June), 
the DH topography is amorphous in contrast with the 
summer-fall season (July to November) where the northern 
high and the equatorial low are well formed. 
In order to compare the monthly altimetric anomalies with 
the DH data, we constructed a set of similar monthly DH 
anomalies. The monthly DH anomaly maps (Figures 2 a  to 
140) show that the seasonal evolution of highs and lows 
described above results in large and zonal patterns of alter- 
natively positive values (when the DH is higher than the 
annual mean) and negative values (when it is lower). These 
positive and negative bands are located on the mean posi- 
tions of the DH highs and lows mentioned above. These 
anomalies can fluctuate between 10 and 20 cm, and the 
stronger signal is observed in the northern hemisphere. The 
NECC region, between 2" and SON, is characterized by 
positive values from July until January and the SEC region, 
along the equator, is characterized by negative values during 
the summer upwelling. This upwelling begins in May near 
the African coast, and develops toward the center of the 
basin (30"W) till August. This equatorial upwelling does not 
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Fig. 3. Same as Figure 2 except tur climatulogica1 Dcccmher lind Decemher LYXh. 
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Fig. 4. Same as Figure 2 except for climatological January and January lY87. 
1 '  
-60 -50 -40 -30 -20 -10 O 10 20 -60 -50 -40 -30 -20 -10 O 10 20 
20 20 20 20 
10 10 10 10 
al al UU a 
- 2 0  O a - g o  O + 
-1 o -1 o -1 o -1 o 
-60 -50 -40 -30 -20 -10 O 10 20 
longitude 
-60 -50 -40 -30 -20 -10 O 10 20 
-60 -50 -40 -30 -20 -10 o 10 20 
longitude 
-60 -50 -40 -30 -20 -10 O 10 20 
I -- 
-60 -50 -40 -30 -20 -10 O 10 20 
longitude 
-60 -50 -40 -30 -20 -10 O 10 20 
-60 -50 -40 - io  -20 -10 o 10 20 
longitude 
-60 -50 -40 -30 -20 -10 O 10 20 
20 20 20 
10 10 10 
o c  
-1 o -1 o -1 o 
-20 -20 -20 
al U
2 0  o c  - iii
-60 -50 -40 -30 -20 -10 o 10 io 
longitude 
-60 -50 -40 -30 -20 -10 O 10 20 
longitude 
- a: DH. FEB - b: ALT. FEB.87 - c: MOD. FEB.87 - - a: DH. MAR - b: ALT. MAR.87 - c: MOD. MAR.87 - 
Fig. 5. Same as Figure 2 except for climatological February and February 1987. Fig. 6 .  Same as Figure 2 except for climatological March and March 1987. 
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Fig. 7. Same as Figure 2 except for climatological April and April 1087. 
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Fig. 15. hlongtrach analysiz ofaltimetric data (in centimeters) from ( ( 1 )  20's. 17'W to 'ON. 31'Wnnd ( h )  W S ,  28"W 
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extend as far as 30"W in summer except in July. A secondary 
cold signal along the equator. in the Gulf of Guinea, is also 
observed in December when the trade winds strengthen 
again in the \vestern basin. 
The first results ohtained from altimetric data. consisting 
of alongtrack analysis. already agree with this primary 
description. Figure 15 presents two examples of this along- 
track analysis. One ic located in the eastern part of the basin 
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(Figure 15u; see Figure 1 for location), the other one is 
located in the western part (Figure 1% and Figure 1). 
Anomalies of 10-20 cm are clearly identified. As for DH, the 
signal is stronger in the western part of the basin (Figure 1%) 
than in the eastern part (Figure 15n), and in both cases, 
peaks and troughs are more developed in the northern 
hemisphere. Along the equator, a negative anomaly devel- 
ops by the beginning of May 1987 and lasts over the 1987 
summer season in the eastern track. The western track, 
crossing the equator at 36"W, shows a weaker or even 
nonexistent signal, in agreement with the climatological DH. 
This western track also presents a NECC high rising around 
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SEP. 
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JUL. 
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APR. 
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DEC. 
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~~ ~ 
World ocean 2.6 3.0 3.6 3.5 3.6 3.3 3.1 3.9 4.1 3.9 3.5 3.0 2.8 
NECC(3-8"NI 1.7 2.8 2.6 2.8 2.4 2.1 3.1 2.5 2.1 3.1 2.4 1.5 1.9 
SEC (&ZN) 1.3 2.4 1.7 2.0 2.5 5.0 4.5 3.6 1.9 3.0 2.7 1.7 1.8 
SEC{2.-8"S) 2.5 3.3 2.9 3.0 3.4 3.0 3.6 4.7 3.2 4.2 3.4 3.0 3.3 
NEC (12-18-N) 2.7 3.2 2.9 2.5 2.7 2.4 2.1 2.9 3.0 2.6 3.2 2.5 2.7 
J.UL.LL 
~~ 
Read NXh as Nmembcr 1986. Value< are in centimeters. 
3"N by the end of June to reach more than 10 cm in late 
Sept em ber. 
Thc rough agreement hetn een DH and altimetric anoma- 
lies is even more evident in monthly altimetric anomal) 
maps obtained from this alongtrack analj sis through an 
ob-jective analysis. If we compare the monthly DH anomaly 
maps (Figures 211 t o  1 4 1 )  with monthl) altimetric anomal) 
maps (Figures 7 h  to I4h). they present the same succession 
of posithe and negative anomalies but i\ith altimetric values 
general11 lower bjl 2-3 cm than the DH. In the western part 
of the basin. the meridional tilting along the mean position of 
the intertropical convergence zone tlTCZ). nhich ha4 been 
observed using different in situ data \et< [Alcr-lc. 1983: 
Guimli curd K a t z  19831. is nell described by altimetry. The 
u p e l l i n g  signal along the equator i5 starting from the 
African coast hut in April 1987 instead of Ma) in the DH 
climatology. i\ very slight secondar) upwelling seems to 
occur in Januarj 1987 in the Gulf of Guinea that correspondc 
to the wcondary cold seawn ob5er~ed by many authors in 
the Gulf of Guinea [itlcrlts L'I d.. 19791. Mean rms difl'erences 
betneen altimetry and DH all m e r  the basin ~ a r y  from 2.6 
cm in November 1986 to 4.1 cm in Juli 1987 (Tahle 1 ) .  A s  n e  
a i I l  see later. this worse agreement in summer is due mainly 
to the equatorial and south equatorial upwellings. 
3 .12 .  Rcpioiial ,study. This first global comparison be- 
tween climatological DH and altimetry has revealed that for 
a hasin-aide scale. both type< of data present the same 
structures n i t h  <orne little discrepancies. In order to evi- 
dence how these differences between the t\\o data sets are 
dependent on geographic locations, me have divided the 
basin into zonal bands located on the mean positions of the 
major currents in the tropical Atlantic Ocean. 
TIic NEC repioti f Z2*--18rN): The rms difference betu een 
altimetr) and DH anomalies in the NEC region is around 2-3 
cm [Table 1 ). Time series verws  longitude at 15"N are given 
in Figure 16 for altimetric and DH anomalies. The altimetric 
data (Figure Ihh) shoa out-of-phase +yak apart from 
40-W. West of 40'W. the signal is mostly positi\e during 
boreal summer thlay 1987 to  October-November 1987) and 
negati\ e during ninter. East of 1O"W. altimetry prczents a 
totally opposite signal with negative values in summer-fall 
87 and positice values in winter. 
. 
-60 -50 -40 -30 -20 -10 O 10 20 
-60 -50 -40 -30 -20 -10 O 10 20 
longitude 
DH. 5N 
Fig. 17. Sanie :I\ Figure li, in the NECC :it S N .  
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West of 40"W, the DH signal (Figure 160) is identical to 
the altimetric one, but altimetric values are lower than 
climatology: 4 cm for the maxima instead of 6-8 cm. East of 
40"W. in reverse, the two signals are different and even more 
out of phase. 
The NECC region (PXN): The mean rms difference 
between altimetry and DH anomalies between 4" and 8"N is 
less than 3 cm (Table 1). The agreement between altimetry 
and DH is particularly good in October-November when the 
NECC is fully developed [Richardson arid McKee, 1984: 
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Fig. 18. Same a s  Figure Ih in the SEC at 1% 
Arriciirlr, 19871. The altimetric signal at 5'N (Figure 17h) 
presents positive anomalies in November-December 1986 as 
far its 5o"W. Then negative values occur. starting in January 
1987 at IO'W. ending in J u n e J d y  1987 in the west. When 
the northern high is developing, in April-May 1987 near the 
African coast until late autumn near the Brazilian coast. 
positive values appear again. 
At 5"N the DH evolution is ver) similar to the altimetric 
one (Figure 17tr) hut altimetric values are lower again 
especially during summer-fall 1987: 4 cm instead of 8 cm. It 
is interesting to note that the semi:innual signal which 
appears in DH east of 20"W is also present in altimetry. 
A s  was seen previously. 
this region is affected by the largest differences hetiveen 
altimetry and DH. In horeal summer. during the equatorial 
upwelling. the rms difference can reach more than 3 cm 
south of the equntor (Table 1 ) .  The time-longitude evolution 
of altimetric data at ION (Figure 18b) shoivs two distinct 
regions apart from 25'W. Enst of 25"M', in the Gulf of 
Guinea. the signal is characterized by ;I slight negative 
extremum in November-December 1586. nhen  the ivest- 
ward equatorial winds reintensify. followed by another. 
larger one in spring-summer 1987. West of 25%'. \\-e find an 
annual signal lvith negative anomalies stkirting from Decem- 
ber 1986 to January 1987 and ending in May 1987. 
Comparison nith DH also at I'-" (Figure 1 8 ~ 1 )  <hotvs that 
if the time evolution5 :ire very similx \vith the s tme di\ ision 
of the hasin into eastern semiannual and \ve<tern annual 
signals. the altimetric amplitude is loww again. especially in 
the east ( - 2  cm instead of -8 cm).  and abo:.e all. there is an 
important time shifting between altimetry and DH. Near the 
African coast. the beginning cif the equ;ttori;il up\$ elling 
TIit SEC region (3'N to 8"s). 
which occurs in Illar~h-~4pril 1987 for altimetry. is shifted to 
hlay-June in DH. 
The pattern at I'S (Figure 19) i5 very similar t o  n.hat has 
been observed at 1"N. with the same time shifting of the 
equatorial upwelling in the altimetric data. It \\ill be dis- 
cussed further whether these discrepancies are due to some 
altimetric data artifact or to  interannual variability. 
3.1.3. S e c ~ ~ o r i d  wri( ibi l i0 .  As was noticed earlier. the 
maximum variability occurs in the northern hemisphere. in 
the \vestern part of the basin. Altimetric data (Figure 2Oh) 
show a maximal seasonal variability (more than 8 cml 
between 25" and 45"W. extending from 3% in the west to 
l0"N in the east. Along the coasts in the Gulf of Guinea. a 
second maximum (4 cm) appears. Lower \:ìlues ( 2  cm) 
separate these two altimetric variahility estrema. 
DH seasonal variability (Figure 20(1) also reaches more 
than 7 cm betlieen 25'? and 45"W. A second maximum is 
found along the equator in the east. with :i net south shifting 
near the African coast where the amplitude reaches more 
than 6 em. Between these two estrema. a zone of lo\ver 
iariability extends. What is very intriguing is the lack of 
variahility found for the altimetric signal in the Gulf of 
Guinea when compared with the large seasonal vari:ìbilit) 
found in the DH data. This has already heen observed hy 
M c , t i m d  [ 15881 using GEOS 3 and Seasat altimeters. 
. , 
I 
3.2. 
iri Sitir Dtrtli 
C 'ornp i i r . i~cw of Altitmwy \.I'rth 1%'6-IOK7 
\\:is mentioned ahoie. climatology ot'the DH neglects 
interannual \ uriíibilitl . A large part of the discrepancies 
t'>und hr taeen .iltimetric data and DH data cnuld he due to 
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the fact that the 1986-1987 year is abnormal compared with 
the climatology. Comparing the 1986-1987 altimetric data 
with 1986-1987 in situ data would shed some light on these 
uncertainties. Unfortunately, this year is rather poor in 
observations, unlike the 1982-1984 FOCALBEQUAL pe- 
riod. Nevertheless, we have IES records (courtesy of E. 
Katz) and Tropical Ocean-Global Atmosphere (TOGA) ex- 
pendable bathythermograph (XBT) lines converted to DH by 
G. Reverdin (personal communication, 1988). 
E. Katz kindly provided us the records of five IES located 
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Fig. 19. Same a\ Figure It, in the SEC at I'S. 
at 9"N, 38"W; 3^N. 38"W: o". 38'W: 7". 14"W: and 3%. 
44'W. The raw IES data \+ere processed a\ described by 
Ktrt: [I9861 to ohtain the DH anomal): first. the tidal signal 
\+as removed using a tide filter. then a low-pas\ filter at I O  
days was applied. and finalli IES data were converted to DH 
anomalie\. We have compared these IES/DH signale to 
those gi\en b j  altimetry in the surrounded q u a r e .  At 3". 
near the southern border of the NECC. the two sets of data 
are high11 correlated (Table 1 and Figure\ 2 l h  and ? I L ) :  the 
correlation coefficients are 0.94 at 38%' and 0.81 at 4CW. so 
that more than 67Ci of the IES signal is explained b) 
altimetrq. Along the equator (Figure 21c.). the correlation i s  
slight11 ueaher: around 0 . 7 .  which i\ rather good for an area 
of high stratification \there usually the IES data are more 
difficult to relate to DH. More surprising are the results tit 
7" and 9"N (Figures ' I r r  and ?Id), where the correlation\ 
are rather had: 0.36 and 0.55. hut the IES data 'ìppear more 
noisy and could not correctly reflect the DH. Moreixer, in 
this region, large moisture effects can generate in the Geosd 
data errors of a few centimeters not nece\c,iril) \tell cor- 
rected h> the FNOC model. This R ~ S  emphasized in several 
Studie\ 4howing comparisons betmeen \ m o u s  tropospheric 
correction models [ A l o t i t r l t f o .  1990: .1 (1rmhi t i  L r  t i l . .  thic 
issue]. In the future, new special w n w r  microwva\ e imager 
(SSIWI) based corrections a i l 1  allou a more effecthe reduc- 
tion of these error source'i [Et1ir7ry. 1Q901. 
The other \et of 1986-1987 data \\'ìt pro\ided h) G. 
Re\ erdin [personal communication. 1988) He computed DH 
using mean 7-S profiles and eupend:ible hath1 therniogr,iph\ 
(SBT) launched h l  ships of opportuniti in the tropical 
Atlantic. There are t r + o  lines of merchant ship\ \$hich c m c  
the tropical Atlantic Ocean. The first one i\ from D,ih;ir to 
Rio de Janeiro/Bueno\ Aires. the other one 14  trom the 
a 
0 4.0 
0 0.0.40 
-40 .  O0 
*la, -4.0 
. 
Antilles to South Africa (see Figure I for location). The 
XBTs were averaged by I .5" latitude boxes. The evolution of 
the DH and altimetric anomalies from November 1986 until 
November 1987 along these lines between YN and 5"s is 
given in Figure 12. The agreement between the two data sets 
is reasonahly good. especially at 1.S'N, 3"N, 1 S'N. 1.5"S, 
and 3's for the western line and at 3'N and 1.5'5 for the 
eastern line. Along the equator. altimetry and D H  vary in 
phase in the \vest and in the east, at 1.5's. 
Then it seems that most of the time shifting in the seasonal 
upwelling 4gnal behveen the climatology and the altimetric 
data in 1987 is due to the interannual variahilit). The year 
1987 seems to he characterized by an earlier summer up- 
aelling. This point will be confirmed later with the model 
simulation. 
3.  COhtP \KISON OF ALiLTIhlETKIC DAT.A FVlTiI 
A NL'hlEKlChL SIMULATION 
1.1. .!?i*scrip~ioti ) f  fl ic dlou'd 
The model \re used computes the linear response of the 
tropic:il Atlantic Ocean to the wind forcing through three 
baroclinic modec. .!?ri Pctihoirr t im1 T r c y i i c r  [ 19851 have 
shoan that 95ei of the signal ohtained itith nine modes is 
provided h) the fir\t three. hlore recently. Dir Pctilioiir i r i i t f  
Goririori [l987] demonstnited the ahilit1 for this hind of 
model to reproduce DH topogr¿tph] interannual event\. and 
at ,i much l o ~ e r  cost than three-dimen\ional primithe equa- 
tim models. The) captured yuite \vel1 the 1983-1981 con- 
tm4t in the tropical At1;intic Ocean sh ich  v a 4  the re\ult ofan 
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1 A,, abnormal warm event in 1984 characterized by a huge 
change of the zonal equatorial DH slope. 
The decomposition in vertical modes is obtained from a 
mean density profile, characteristic of the middle of the 
equatorial Atlantic Ocean (24"W). The vertical structure 
functions A,, are then solutions of 
- _.- 
aaZ (i+ iiz) +E=' 
with the boundary conditions at the surface (z = O )  and at the 
bottom ( z  = - H )  of the ocean: 
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Fig. 20. Variahilit) mer the tropical Atlantic obtained ( 0 1  through DH data (in dqnamic centimeters) and th) through 
altimetric data from Novemher 86 until Noi ember 87 (in cenfimeter5). 
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TABLE 2. Correlation Coefficients Between IES and Altimetric 
Data 
1'1 1' 1'2 
9"N, 38"W 0.20 0.36 0.49 
3"N, 38"W 0.92 0.94 0.96 
a., 38"w 0.56 0.67 0.76 
7"N, 44"W 0.41 0.55 0.66 
3"N. 44"W 0.75 0.82 0.87 
Also indicated are confidence intervals on the coefficient. 
aAn 
aZ 
O -= 
where C, is the phase speed associated to the mode ri. The 
A ,  functions are normalized so that 
Then the horizontal velocity ( U ,  V) and the pressure ( P )  
fields can be written as the sum ( U ,  V ,  P )  (x, y ,  z ,  t )  = 2, 
CU,,, V , ,  P l , )  ( x ,  Y ,  t )  M z ) .  
The horizontal equations are 
where 
a' a 2  
8.x- ay 
A H = ? + ?  
and F,, G, are the horizontal projections of the forcing on 
each mode ri: 
7' .Y 
F = -  G = -  
Dn Dn 
Values for C, and DI,  are given in Table 3 for the first three 
modes (only the first three modes are significantly excited). 
These equations are discretized on a staggered grid (Ar- 
akawa type c) defined by trigonometric functions so that a 
variable grid spacing, depending on the area of interest, is 
obtained. The basin extends from 20"N to 20"s in latitude 
and from 60"W to 13"E in longitude. In longitude the smallest 
mesh size (50 km) is near the African and American coasts. 
TABLE 3. Values for the First Three Vertical Modes of the O 
Phase Velocity and Wind Coefficient Used in the Model 
c,,, Dii 3 
, ,  L' cmls cm-' 
Fig. 22. Comparison between XBT-0/500 DH and altimetry ~~d~ 1 2.18 114.592 
along (left) Dakar-Rio de Janeiro and (right) Antilles-Cape Town ),lode 1.32 65,399 
ship lines between YN and 5"s. Units are dynamic centimeters and Mode 0.89 120,093 
centimeters. The vertical scale is 2 (dyn) cm. 
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It increti\ec to 1 IS hm in the center d ' t h e  h,r\in. In 1,ititude 
the mnllest mech m e  IS at the equator (50  hm)  t o  correctl) 
resolle the equtorial ï-:idlus of deformation. 4t the northern 
and couthern houndanei thc mc\h cize I \  S5 hm No-\lip 
hnunclarj condition\ h w e  heen um1 on the coa\t,il. north- 
ern. wectern. and southern frontier,. The horimntnl diffu- 
\ i \ i t )  coefficient ( A H )  i \  10' cm'k. A inriahle time \tep ( I .  
2. ,incl 4 hour\ tor lïrct. \ecc". and third modes. respec- 
ti:el\ 1 i c  incnrpor'ited for the time integr'rtion of the model. 
The m d c l  i \  spun up n i e r  17 )cars h i  the Hcll t -r i i im trri t i  
Rc~\ct i \rc~in 119S31 clirniitol(igic:il nind \tre\\. then run uith 
I W - l W  monthl? \$ind \tress f 5 ~ r i w i i i  c r  d.. I'~S71. 
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The DH is obtained by 
3 
D =  D,-Do+ PllDll 
I l  = 1 
with 
500 1 - H 
-dp  
P d P )  
f S 0 0  1 
f S 0 0  1 - H  dA 
4.2. 
DH anomaly maps issued from the model simulation are 
given in Figures 2c to 14c. Mostly zonal structures are here 
again clearly identified. The signal is stronger in the northern 
hemisphere, where the low and high evolutions can be 
followed as was described before for altimetry and DH. In 
the region of the NEC (at 15"N; Figure 16c and in the region 
of the NECC (at 5"N; Figure 17c) the modeled signals are in 
good qualitative and quantitative agreement with the altim- 
etric data (Figures 168 and 178). Values are of the same 
order except that the eastern minimum at 5"N that occurs 
during boreal summer is stronger in the model. It is interest- 
ing to note that in the eastern part of the NEC (Figure 16), 
altimetry and model are in phase (negative values during the 
boreal winter-fall season) so that the out-of-phase evolution 
between altimetry and DH mentioned previously is probably 
due to an interannual event that characterizes the year 1987. 
At 1"N (Figure 18), both altimetric data and the model show 
similar evolution. East of 20"W, the negative upwelling 
modeled signal is obtained from mid-May 1987 until Septem- 
ber 1987. So the model presents a 1987 upwelling starting at 
1"N 1 month earlier than climatological DH, and ending also 
1 month earlier. This is in better agreement with the altim- 
etric signal. The order of magnitude of the signal amplitude 
is the same for altimetry and model west of 20"W but is 
different in the eastern part of the basin. These results are 
confirmed at 1"s (Figure 19) where the model produces 
negative values which are maximum in July-August 1987 
instead of mid-May to  July 1987 for altimetry. Thus even if 
the time shifting shown along the equator by altimetric data 
relative to DH is not fully explained by the model, it seems 
that the 1987 summer upwelling occurred earlier in the Gulf 
of Guinea and was weaker than usual. 
Comparison of Altiinetiy With Model Resirlts 
5. DISCUSSION AND CONCLUSION 
The comparison between DH and altimetric data has 
pointed out two major differences. 
First, the amplitude of the altimetric signal is 2-3 cm lower 
than the DH amplitude. This could be due to the specific 
processing applied to the altimetric data in order to filter out 
all long-wave length errors (e.g., orbit error). This process- 
ing can also filter out a part of the ocean signal. A confirma- 
tion of this has been found by applying to DH data the same 
filter as the one applied to altimetry. M7e found that the DH 
signal is then reduced by about 15 to 25%. 
A specific problem due to the FNOC wet tropospheric 
correction could also be responsible for a part of the differ- 
ences. As was mentioned earlier, new SSWI corrections will 
shed light on this for the future. 
Another difference between altimetry observations and 
the DH climatology refers to the time shifting of oceanic 
seasonal events such as the equatorial upwelling which 
occurs earlier in the altimetry than in the climatology. In 
order to interpret these discrepancies, we ran a simple model 
over the period 1986-1987. We found that a large part of the 
discrepancy observed between the altimetric data and the 
DH climatology is due to the fact that climatology poorly 
represents the reality of the 1986-1987 period. This is 
especially true during summer 1987, when the equatorial 
upwelling, as revealed by model simulation and 1987 in situ 
data, occurs earlier in the Gulf of Guinea and was weaker 
than usual. This hypothesis of weak and early upwelling in 
the tropical Atlantic Ocean in 1987 has been also confirmed 
by sea surface temperature observations obtained from two 
distinct sources, in situ measurements (J. Servain, personal 
communication, 1988) and satellite observations [Citearr et 
al., 19871, but a remaining time lag of about a month between 
altimetry and model upwellings for the period is still pend- 
ing. Several explanations could be proposed. One of them is 
the lack of high-frequency energy in the winds used to force 
the model. These winds are obtained through an objective 
analysis [Servairi et al., 19871 with a climatological guess 
field. Unfortunately, in. 1986-1988, wind data coverage was 
poor and important events may have been smoothed or even 
ignored. The wind stress evolution along the equator from 
November 1986 to November 1987 (Figure 23a) is quite 
similar to that described by Hellemari urid Roserwteiti's 
[1983] climatology (Figure 23b) and seems to have missed 
some high-energy events. For example, the intensification of 
the easterlies in the western (25"-35"W) equatorial Atlantic, 
which is known to play an important role in the triggering of 
the equatorial upwelling [Philander arid Pacanowski, 19861, 
begins in March-April 1987, or 1 month earlier than the 
climatology. However, this intensification seems to be too 
smooth compared with higher resolution data sets which 
present a rapid intensification of the wind along 28"W from 
March 1987 to June-July 1987 [Citeau et al., 19871. Thus 
with a better wind closer to reality we can expect to  get from 
the model an even earlier upwelling in agreement with the 
Geosat observations. 
Thus in conclusion, by comparison with climatological 
data, the altimetric data obtained between November 1986 
and November 1987 from the Geosat altimeter are able to 
reproduce the large-scale signal observed in the tropical 
Atlantic Ocean. The agreement between altimetry and in situ 
data in the NECC region (around 5"N), where the seasonal 
signal has a maximum amplitude, is particularly good, espe- 
cially between altimetry and 1987 IES records when the 
correlation between the two kinds of data sets is higher than 
0.8. Comparison with the simulation of a simple model 
forced by monthly 1986-1987 wind stress strengthens this 
conclusion and emphasizes that observed differences are due 
mostly to interannual events such as a weak and early 
summer upwelling in the Gulf of Guinea in 1987. Then the 
present state of the art in the use of altimeter observations in 
the tropics shows that the description of the large-scale. 
low-frequency variability of surface DH is possible. The 
altimeter observations seem to  be already a hetter witness of 
the DH variability over a particular year than the climato- 
logical DH and with a much better resolution. This is a 
preliminary result from the first year of Geosat data. The 
new set of Geosat data covering several years. which will be 
available soon. will make it possible to hetter discriminate 
the interannual variability of oceanic sea level and, it is 
hoped. t o  better assess the quality and the usefulness of 
altimetry in the tropics. 
AcXtron’lp[ly~trierit.r. The authors wish to thank E. J. Katz of the 
Lamont-Doherty Geological Ohmvatory of Columbia Universif! 
for providing IES data records (data were paid by il NSF grant) md 
G. Reverdin of the Lahoratnire d‘Oc6anographie Dynamique et de 
Climatologie (LODYCI in Paris for dynamic height values. Helpful 
comments from the modeling working group of LODYC were 
appreciated during the adjustment ot’ the model. which WS accom- 
plished in collaboration with B. Bourle\ of the LODYC. Interesting 
discussions ahout altimefric data were cnrried out with the Groupe 
de Recherche en GkodtSsie Spatiale. and the numerical data process- 
ing code \vas estahlished in collaboration with the PAVIE group in 
Toulouse. Thanks to J. Servain for providing the 198-1988 wind 
stresses. S.  ,AmauIf and J. hlerle were supported hy ORSTOht and 
Y. hlenard by CNES. This research was funded by Programme 
National TClt;dCtection Spatiale. 
REFERENCE5 
Arnault. S.,  Tropical Atlantic geostrophic currents and ship drift.;. 
J .  Geophys. Rcs . ,  Y3CSI. 5n76-5088. 1987. 
Busalacchi. A. .  and J. Picriut. Seasom1 mriability from a model of 
the tropical Atlantic Ocean. J .  P k y .  Ocwtro.~v..  13. 15h4-15SX. 
1983. 
Cane. kl. A.. The response of an  equatorial ocean to simple wind 
>tress patterns, II. Numerical result MiW. R z s . ,  37r21, 253- 
299. 1979. 
Cane. M.. rind T. Sarrichik, The rezponse of ;i linear baroclinic 
equatorial ocem to periodic forcing. . I .  Xltir. R r s . .  39. 0.51443. 
1981. 
Cartwright. D. E.. and R. J. Ta)lor. New computations of the tide 
generating potential, G ~ ~ , ~ p l i ~ v .  J .  R  Soc.. Lotithri. 23. 45-74. 
1971. 
Cheney. R. E., J. G. hIarsh. and R .  D. Beckley. Global mesoscale 
variability from colinear tracks of Seasat altimeter dat:i. J .  Gc,)- 
pllys. Rl’X.. 58, 43434351. 1983. 
Cheney. R. E., B. C. Douglas. R. W. .-\green. L. L. hliller. and D. 
L. Porter. Geosat altimeter geophysical data record (GDRI user 
handbook. iVO.44 T w l i .  ,\Tcrrro. tV0.S NG.Y-16. 13 pp.. Natl. 
Ocean Serv.. NOA.4. Rockville, hid., 19x7. 
Citeau. J.. J. C. Bergez. H. Demarcq. und L. hIarec, Position de la 
zone intertropicale de convergence le lnng de 28.W et temperature 
de surface de I’oceun. \Lilb7 C‘lit>!.. pp. 3-S. Sept. 1987. 
De Mey, P., and A. R. Rohinson. Simulation and assimilation ot 
satellite altimeter data at the oceanic mcsoscale. J .  Phy.t. C A w r r i -  
ngr., 17. 2280-23’43, 1987. 
Douglas, B. C.. R. E. Cheney. and K. W. Agreen. Eddy energ) of 
the northwest Atlnntic and Gulf of Mexico determined from 
GEOS 3 altimetri. .I. G c o p l i y s .  Rt’r., 88, 9595-9603. 1983. 
Du Penhoat. Y.. and Y.  Gouriou. Hindcn<t< of equ:ttorisl sea 
surtiice dynamic height in the .4tlantic in 19X2-lQX4. . I .  G r o p k y t .  
Du Penhoat. Y., and A. hl. Treguier. The \ea\on;il linear response 
of the tropical Atlantic 0ce:ìn. .I. f l y \ .  O w r m y r . .  15. 316-33. 
1985. 
Emery. W. J . ,  G. H. Burn. D. G. Bddwin. and C. L. Narri." 
Siitcllite-derived wte r  vapor correctionz for tieo\itt altimetry. .1. 
Fu. L., On the nave number \pectriim ot oce;inii ms~owele 
Rc’s . .  92(C4I. 3729-3740. 1987. 
W C 3  I.  2953-29b4. IWO. 
variability observed hy Seasat altimeter. .I. Gcopliys. Res. ,  88, 
43314342. 1983. 
Garzoli. S..  and E. tiatz, The forced annual reversal of the Atlantic 
North Equatorial Countercurrent. J .  Pliys. Oceariogr., 13, 2082- 
2090, 1983. 
Hellerman, S. ,  and M. Rosenstein. Normal monthly wind stresses 
over the world ocean with error estimate, J .  Phys. Oceuriogr., 13. 
Hisard. P.. and C. Henin, Response of the Equatorial Atlantic 
Ocean to the 1983-1984 wind from the Programme Français 
Ocean et Climat dans l‘Atlantique Equatorial cruise data set, J .  
Jourdan. D.. C. Boissier, A. Braun. and J. F. Minster, Influence of 
wet tropospheric correction on mesoscale dynamic topography as 
derived from satellite altimetry. J .  Gcophys. Res.. this issue. 
tiatz. E.. Sea surface response to wind in the equatorial Atlantic, J .  
 LU\^. H. U.. V. Buhnov, J. hl. Hulhnance. E. J. Katz. J. Meincke, 
,A. de Mesquita. F. Ostapoff, and B. Voituriez. Seasonal changes 
of the zonal pressure gradient in the equatorial Atlantic during the 
FGGE year, Occtrriol. Acttr, 6 ,  3-1 I .  1987. 
Leetmaa. A.. and hl. Ji. Operational hindcasting of the tropical 
Pacific. D y i .  Artrios. Ocrnns. in press, 1989. 
Xialarde. J. P.. P. De Mey. C. Perigaud, and J. F. Minster. 
Observation of long equatorial waves in the Pacific Ocean by 
Seasat altimetry, J .  Pl iys .  Ocrwnogr.. 17. 2273-2179, 1987. 
hlenard. Y.. Observation of eddy fields in the northwest Pacific hy 
Seasat altimeter data. J .  Gcwphys. Res., 88, 1853-1866, 1983. 
hlenard. Y.. Observing the seasonal variability in the tropical 
.4tlantic from altimetry, J .  Gcophys. Rrs., 93tCI I ) .  13,967- 
13.978. 1988. 
hlerle, J.. Seasonal heat hudget in the equatorial Atlantic Ocean, J .  
Merle. J . ,  and S. .4rnault. Seasonal variability of the surface 
dynamic topography in the tropical Atlantic Ocean, J .  Mur. Res.,  
Merle. .I . ,  hl. Fieus, and P. Hisard, Annual signal and interannual 
anomalies of SST in the eastern equatorial Atlantic Ocean, Deep 
hliller. L.. R. E. Cheney. and D. hlilhert, Sea level time series in the 
1093-1 104, 1983. 
(;ec~p/1y.~. ~ e . 7 . .  ~ ~ 4 1 ,  3759-3768. 1987. , 
‘ i  
Cci)plij’s. Res. ,  92tC2). 1885-1893, 1986. 
PIt?..s. O ~ ~ e ~ r i o g r . ,  IO. IhiWh9. 1983. 
33, 267-288. 1985. 
Seti RP,T. ,  26. GATE SUPPI. 2-5. 77-102, 1979. 
equatorial Pacific from wtellite altimetry, Geop/iys. R E J .  Lctt..  
13. 175478. 1986. 
hionaldo, F.. Path length caused by atmospheric water vapor and 
their eEects on the measurement of mesoscale ocean circulation 
features by a radar altimeter, J .  Gt~7pliys. Res. ,  YOtC3), 2923- 
2932, 19%). 
hlorliere. A.. G. Reverdin, and J. MIcrle. Assimilation of tempera- 
ture profile in an  OGCM for a continuous survey of tropical 
Atlantic. J .  Pliys. Ocraringr.. 19( 121, 1892-1899, 1989. 
Musman. S.. Sea slope changes associated with uestward propa- 
gating equatorial temperature fluctuations, J .  G ~ o p l i y s .  Res. ,  
Perigaud. C.. J. F. hlinster. and G .  Reverdin, Zonal slope variability 
of the tropical Indian Ocean studied from Seasat altimetry, Meu. 
Ceid.. 10. 53-67, 1986. 
Phikinder. S.  G. H.. and R. C. Pacanowski, A model ofthe seasonal 
cycle in the tropical Atlantic Ocean. J .  Geopkys. Res. ,  91tC12). 
192-206. 1986. 
Reverdin, G.. and Y. Du Penhnat. hlodelled surface dynamic height 
in 1964-1984: An  effort to assess how well the low frequencies in 
the equatorial Atlantic were sampled in 1982-1981, J .  Geophys. 
son, P. L.. and T. McKee. Averagc seasonal variation of the 
Atlantic equatorial currents from historical ship drifts, J .  Phys. 
Richurdxon. P. L.. and G .  Reverdin. Seasonal cycle of velocity in 
the .“rlantic North Equatorial Countercurrent as measured by 
surface drifters. current meters. and ship drifts. J .  Geophys. Res., 
Q2. 3691-3708. 1987. 
tmobpheric correction for the troposphere and 
watosphere in radio ranging of s;itellites. in The* Use c!fArtifrial 
.Tcirrllitt~v,firr Gr.<&.,y. G~~c)plirs. Alwiqiv. S P ~ .  , vol. 15. edited by 
S .  \V. Henrihsen et al.. pp. 247-251. AGU, Washingtbn. D. C.. 
ul(C9). 10.753-10.757, 1986. 
92. 1899-1913, 1987. 
C k C u / i c ) . w . ,  I - / .  1226-1238, 1984. 
ARNAULT ET AL.: ALTIMETRY OF THE TROPICAL ATLANTIC OCEAN 17,945 
Servain, J., M. Seva, S .  Lukas, and G .  Rougier, Climatic atlas of the 
tropical Atlantic wind stress and sea surface temperature: 1980- 
1984, Ocean-Air Interact., I ,  109-182, 1987. 
Tapley, B. D., J. B. Lundberg, and G .  H. Born, The Seasat 
altimeter wet tropospheric range correction, J .  Geophys. Res., 
S .  Arnault and J. Merle, Laboratoire d’oceanographie et de 
Climatologie ORSTOM, Universite Pierre et Marie Curie, Tour 
14-2,4, Place Jussieu, 75252 Paris Cedex 05, France. 
Y. Menard, Groupe de Recherche en Gbod6sie Spatiale, CNES, 
18 avenue Belin, 31055 Toulouse Cedex, France. 
87(C5), 3213-3220, 1982. 
(Received June 3, 1989; 
accepted December 28, 1989.) 
